We present discoveries of internal bodies in problematic Silurian and Devonian organic−walled microfossils classified traditionally as polygonomorph, acanthomorph, sphaeromorph, and herkomorph acritarchs. These bodies are comparable with reproductive structures (auto− and/or aplanospores) of modern unicellular green algae (Chlorococcales). Our find− ings suggest that many of these microfossils may represent asexually reproducing (sporulating) vegetative cells of chlorococcalean algae. The presence of spore−like bodies in the studied acritarchs supports earlier suggestions, based on ultrastructural and biomarker studies, that some acritarchs can be affined with green algae.
Introduction
Acritarchs represent an informal (i.e., non−Linnean) taxo− nomic category grouping organic microfossils of unclear sys− tematic affiliation (Downie et al. 1963; Downie 1973; Tappan 1980; Martin 1993; Colbath and Grenfell 1995; Servais 1996 ; Strother 1996; Wicander 2002) . The term "acritarchs" means in Greek "of uncertain origin" and it was coined in 1963 by Evitt to replace an older "ragbag" term "hystrichospheres" (i.e., "spiny spheres") enclosing organic−walled microfossils of unknown biological affinities (for discussion see Tappan 1980: 148) .
Although the position of acritarchs in the organic world is still uncertain, many of these microfossils have been attrib− uted to unicellular phytoplankton, mainly to dinoflagellates or green algae (particularly prasinophytes-inter alia Jux 1971) (for review and discussion see e.g., Tappan 1980; Martin 1993; Colbath and Grenfell 1995) . Other affinities have also been considered as, for instance, cyanobacterial envelopes, alete spores, fungal spores, cysts of macroalgae, pellicles of euglenids, heterotrophic protists or even egg− cases of copepod−like crustaceans (for review see e.g., Mar− tin 1993; Colbath and Grenfell 1995; Servais 1996; Butter− field 2005) . Opinions prevail that microfossils classified as acritarchs represent a highly polyphyletic assemblage of mi− croorganisms (Servais 1996) . Recent ultrastructural (SEM, TEM), molecular (biomarkers), and micro−chemical (com− bined micro−Fourier transform infrared spectroscopy and mi− cro−Raman spectroscopy) studies have suggested dinoflagel− late and chlorophycean affinity for some Neoproterozoic and Early Cambrian acritarchs (Arouri et al. 1999 (Arouri et al. , 2000 Taly− zina and Moczydłowska 2000; Marshall et al. 2005; Javaux and Marshall 2006; Willman and Moczy− dłowska 2007) . One of the four structurally distinct types of vesicle walls recognized in Early Cambrian acritarchs by Talyzina and Moczydłowska (2000) was a multilayered wall of a common spherical acritarch Leiosphaeridia sp. In these authors opinion, its outer laminated layer resembling the trilaminar sheath ultrastructure typical of many extant green algae suggests chlorococcalean affiliation. Multilayered wall ultrastructure has also been observed, and considered as in− dicative for chlorophycean affinity, in much older acritarchs from the Neoproterozoic (Ediacaran) deposits of the Officer Basin in Australia (Willman 2009; Willman and Moczydło− wska 2007) , the c. 1.5-1.4 b.y. old Mesoproterozoic Roper Group of Australia, and the broadly coeval Ruyang Group of China (Javaux et al. 2004 ). It appears, in light of all these re− cent studies using micro−scale analytical techniques, that chlorophyte and dinoflagellate affiliation of many acritarchs can be considered as most probable.
The purpose of the present paper is to demonstrate that some early Paleozoic microfossils ascribed to acritarchs may represent not, as commonly inferred, cysts or other resting stages of the above mentioned groups of planktonic micro− algae, but remnants of vegetative algal cells, as has been sug− gested for some much older enigmatic organic−walled micro− fossils ascribed also to acritarchs (e.g., Butterfield 2005; Javaux and Marshal 2006; Javaux et al. 2003) . We hope that the new data presented below may help to clarify the biologi− cal affinities of some representatives of the main acritarch di− visions as defined recently by Dorning (2004) .
Material and methods
The acritarch material presented in this report derives from early Paleozoic marine deposits of Poland and Germany. Most of the studied acritarch specimens come from Early Silurian (Llandoverian) black radiolarian cherts and sili− ceous shales cropping out in the Holy Cross Mountains (central Poland) (Kremer 2001; Kremer and Kaźmierczak 2005) and Bardzkie Mountains (Sudetes region, southwest− ern Poland) . A part of the examined Silurian acritarchs stems from the Llandoverian black radiolarian cherts and siliceous shales of southern Germany (Frankenwald) and has been collected in the quarry "Steinbruch WNW Döbra" near Schwarzenbach Am Wald (for geographic and stratigraphic details see Stein 1965; Horstig and Stettner 1976) . The remaining specimens derive from a core of Late Devonian (Frasnian) limestones drilled by a deep borehole Sosnowiec IG−1 (Upper Silesia, southern Poland). These are early post mortem calcified acritarchs previously for a long time described as "calcispheres". The Silurian cherts and shales underwent thermal alteration of various intensity making the biomarker signatures no longer recognizable (Bauersachs et al. 2009 ). The remnants of acritarch organic walls in the Devonian limestones are preserved as irregular loose net of carbonaceous (kerogenous) flakes (Kaźmier− czak and Kremer 2005) . They cannot be extracted in an amount satisfactory for biomarker analysis. A variety of preparatory and imaging techniques has been applied to these rocks in the present study. Standard palynological technique was used (HF−dissolution) for recovery of acri− tarchs from the cherty samples which were subsequently examined with the use of optical transmitted light micro− scope on cover−glass preparations (Fig. 1) . Observation of acritarchs in petrographic thin−sections-a method rarely used in routine acritarch studies-has proved to be particu− larly effective in recovery of the internal structures in acri− tarchs derived both from calcareous ( Fig. 2 ) and siliceous rocks (Figs. 3A, B, 4 , 5B, D, 6A, B). Slight etching with HF of polished platelets of acritarch−bearing Silurian cherts was also effective for the 3−D Philips XL−20 scanning elec− tron microscope (SEM) imaging of acritarch structural de− tails (Fig. 5A , C, E, F). SEM at 25 kV voltage was used to examine samples of air−dried etched surfaces sputtered with a 10 to 15 nm thick layer of platinum or carbon.
Raman mapping and spectra ( Fig. 6C -G) were done us− ing a confocal microscope alpha300 R (www.witec.de; WITec, Jungingen, Germany) with a piezo scan stage (100 × 100 × 20 μm, PI, Germany). The system is equipped with a 100× microscope objective for measuring in air with a working distance of 0.26 mm and a numerical aperture NA = 0.90 (Nikon, Düsseldorf, Germany). The depth of focus was about 1 μm for spectra, and 4 and 5 μm for mapping. Raman spectra were collected from individual carbona− ceous grains on polished rock plates and petrographic thin sections under magnification for 100 s. For each sample several spectra were collected. The measurements were performed by focusing the laser beam on the organic matter (OM) beneath the surface.
Observations
We report novel observations of internal bodies in acritarch taxa which, according to a classification proposed recently by the Acritarch Classification Working Group of the Interna− tional Commission on Palaeozoic Microflora (Dorning 2004) , can be attributed to polygonomorph, acanthomorph, sphaero− morph, and herkomorph subgroups. Chemical maceration of early Silurian cherts ( Fig. 1 ) and thin−sections of late Devo− nian calcispheric limestones (Fig. 2 ) have revealed internal bodies in representatives of such common polygonomorph and acanthomorph acritarch form−genera as Veryhachium, Neoveryhachium, and Baltisphaeridium. The internal bodies in these forms occur either as groups composed of several spherical or subspherical structures filling sometimes entirely the vesicle (Figs. 1B, 2A) or as large, often singular structures displaying shapes more or less similar to the acritarchs enclos− ing them (Figs. 1A, 2B-D, 4A ). In thin−sections of early Silu− rian cherts spherical internal bodies, two to eight in number, have been identified in representatives of sphaeromorph acri− tarchs classified to the common form−genus Leiosphaeridia (Fig. 3A, B ). These internal bodies are larger where only two of them are present (Fig. 3A) , but significantly smaller where their number is higher (Fig. 3B ). Similar spherical and sub− spherical internal bodies, between one to eight and more in number, have been found in forms classified to herkomorph and acanthomorph acritarchs and those attributed to prasino− phytes (as members of the form−genera Cymatiosphaera and Dictyotidium). We studied them in early Silurian cherts in petrographic thin−sections ( Raman spectra of kerogen carbon distribution have been obtained from walls of some of such mineral spheroids . They clearly indicate the presence of moderately al− tered carbonaceous matter almost identical to that from the acritarch wall.
Comparison and discussion Our study shows that the internal bodies of the examined acritarchs are comparable with asexual reproductive struc− tures (spores) occurring in many unicellular green algae (Chlorococcales) (e.g., Ettl and Komárek 1982; Komárek and Fott 1983; Ettl 1988a, b; Sluiman et al. 1989 ) and, conse− quently, acritarchs enclosing such structures can be classi− fied to this group of microalgae. The only other group of extant unicellular microalgae approaching morphologically chlorococcaleans, and asexually reproducing also by sporu− lation, are xanthophytes (yellow−green algae). However, in distinction to chlorococcaleans their cell wall is composed of easily degradable pectin, never supported by sporopollenin, often containing silica, and typically formed of two overlap− ping halves (e.g., Ettl 1980; Hibberd 1990) .
In Chlorococcales two basic modes of asexual reproduc− tion are known. The first is the process of cell division (known also as cytotomy) where one cell divides into two parts (daughter cells) by mitosis and subsequent cytokinesis. During further growth the daughter cells use the mother cell wall and divide again. In the second process, which is known as sporulation, cells mostly divide into a number of daughter protoplasts (spore precursors), while the mother cell wall forms the sporangium. The spores of unicellular green algae (Ettl 1988a ) are (i) motile (flagellated) and naked spores called zoospores, originating inside parent cell (zoosporan− gium) and after release transforming into new vegetative cells; (ii) non−motile (non−flagellated) spores called auto− spores which usually resemble the parent cell in shape and structure (but for exceptions see e.g., Ettl et al. 1967: 726) . In this case the spores undergo development within the parent cell (autosporangium) and develop traits of the parent cell before release (e.g., autospores in various species of the modern genus Tetraedron-see Fritsch 1965; Kováčik 1975; Hindák 1980 ) and (iii) non−motile spores called aplano− spores which develop into new vegetative cells either inside the parent cell (aplanosporangium) or after liberation from them. In distinction to autospores, aplanospores do not dis− play morphological similarity to parent cells and are usually spherical or subspherical in shape. They can be defined as a kind of transitional stages between zoospores and auto− spores. Between one and several auto− or aplanospores can be produced by successive or simultaneous divisions of mother cell protoplast (Ettl 1988a, b) . Typically, four or eight autospores are produced by the asexually reproducing cells; two, 16 or 32 autospores occur more rarely and 64 exception− ally; however, the number of aplanospores can be higher (Komárek and Fott 1983; Tschermak−Woess 1989) . Auto− and/or aplanospores in one sporangium are equal in size and shape as a rule but deviations caused by asymmetrical proto− plast division have been observed (e.g., Hanagata et al. 1996; Huss et al. 2002) , as well as deformations due to tight pack− ing of spores before liberation (Ettl et al. 1967) . While uni− cellular green algae reproduce both in a sexual and asexual manner, the latter mode is occurring much more frequently (Ettl 1988a; Sluiman et al. 1989) .
In light of the above information, the internal bodies in the acritarch shown in Figs. 1A, 2B-D, and 6A can be attrib− uted to autospores, whereas those illustrated in other figures to aplanospores. If the internal structure shown in Fig. 1A does not wake doubts as a potential autospore, then those in Fig. 1B can inflict impression of structures formed as a result of post mortem shrinkage of the delicate vesicle wall. Such a possibility can, however, be easily dismissed by the almost ideally spherical shape and similar sizes of the internal bod− ies, and, particularly, by their double membranous structure making them essentially similar to spores described from or− ganic thalli of uniquely preserved Ordovician siphonalean green algae (Kozłowski and Kaźmierczak 1968a, b) . The at− tribution of the spherical internal bodies in the spherical Leiosphaeridia (Fig. 3A, B) is less certain because they may equally represent auto− or aplanospores. Indeed, similar diffi− culties are met in assignment of spherical spores occurring in modern spherical unicellular green algae, for instance in rep− resentatives of the common genus Chlorococcum (Fig. 3C,  D) , where their attribution to auto− or aplanospores is practi− cally impossible without knowing the details of cell anatomy and life cycle. In the case of singular, relatively thick−walled internal bodies occupying large volume of the acritarch mother cell (Fig. 5F ), it cannot be excluded that they may represent a kind of resting spores (known as hypnospores or hypnoblasts) formed usually during unfavorable environ− mental conditions from modified zoospores, aplanospores or autospores (Ettl 1988a; Ettl et al. 1967) . The presence of spore−like bodies in representatives of the studied acritarch form−genera does not support opinions that these acritarchs being cysts of dinoflagellates and/or phy− comas of prasinophytes. Cysts of modern dinoflagellates do not produce spores (e.g., Pfiester 1989) and, therefore, our dis− coveries weaken the existing inferences linking acritarchs with these unicellular microalgae (for review see Martin 1993; Colbath and Grenfell 1995) . In addition, neither morphologi− cal nor molecular studies have provided sufficient grounds for establishing firm links between acritarchs and dinoflagellates (for discussion see e.g., Fensome et al. 1990; Moldovan et al. 1996; Moldovan and Talyzina 1998; Versteegh and Blokker 2004; de Leeuw et al. 2006) . Similarly, the aplanospore−like bodies occurring in the studied specimens of Leiosphaeridia, Cymatiosphaera, and Dictyotidium (Figs. 3A, of spores have not been observed in them (e.g., Melkonian 1989) . It has also been suggested (e.g., Javaux et al. 2003 ) that some of the vesicular organic−walled microfossils classified to Leiosphaeridia may represent capsular envelopes similar to those produced by some extant coccoid cyanobacteria (Water− bury and Stanier 1978) . Sporulation process in such cyano− bacteria (e.g., modern Stanieria, see Fig. 3E , F) generates in− deed internal bodies (beocytes) similar in size and number to those occurring in our Silurian Leiosphaeridia specimens (Fig. 3A, B ) and in modern unicellular green algae (Fig. 3C,  D) . However, in distinction to cyanobacterial capsules, which are composed of bands of fibrillar polysaccharide−rich muci− lage (Waterbury 1979) , the walls of our Leiosphaeridia, simi− larly as in other early Paleozoic members of this form−genus (e.g., Kjellström 1968; Talyzina and Moczydlowska 2000; Willman 2009 ), have rigid structure similar to compact cell wall structure of modern chlorococcalean algae that in addi− tion to polysaccharides are supported by biopolymers (glyco− proteins, algaenan, and sporopollenin) resistant to mechanical and biological degradation (see e.g., Atkinson et al. 1972; Dunstan et al. 1992; Burczyk et al. 1999) . Our interpretation of the internal bodies in acritarchs as possible reproductive structures is not new. Of special inter− est are those provided by Eisenack, who noticed singular spherical bodies in Leiosphaeridia−like acritarchs (Eisenack 1956: pl. 16: 3-10) and also observed presence of groups of such bodies in representatives of Tasmanites (Eisenack 1968: pl. 2: 7) . Eisenack (1968) interpreted these bodies as possible reproductive structures ("Brutzellen"), suggesting even, as we now propose, that some of them could be com− pared to autospores of extant unicellular green algae (Eise− nack 1968: 14-15) . Other internal bodies found occasionally in acritarchs (e.g., Eisenack 1958a, b; Le Hérissé 1989; Hermann 1990 ; Guy−Ohlson 1996; Wood 1996; Tibbs et al. 2003; Stanevich et al. 2007 ) have not been accounted as bio− logically significant and, consequently, they have been ab− sent from the overviews and compendia concerned with the systematic position of acritarchs (Tappan 1980; Martin 1993; Colbath and Grenfell 1995; Servais 1996; Strother 1996; Wicander 2002) . Our findings of internal bodies in acritarchs confirm also earlier suppositions, based on ultrastructural and micro−chemical analyses of acritarch walls, suggesting affinities with green algae (Javaux et al. 2004; Marshall et al. 2005) , and chlorococcalean affiliation of certain leiosphae− rids (Talyzina and Moczydłowska 2000) . The Meso−Neo− proterozoic microfossil Tappania attributed to acritarchs (Yin 1998 ) has been interpreted as "an actively growing cell or germinating cyst" (Javaux et al. 2001: 67 ). An interesting question arises: why do acritarchs enclose the spore−like bodies so rarely? To our knowledge, only a few examples of similar structures have been described thus far. One explanation of the rarity of these structures is that the cell walls of auto− and aplanospores in many modern chloro− coccalean algae are extremely thin (2 to 21 nm) before re− lease from parental cells (Hegewald and Schnepf 1984; Yamamoto et al. 2004 ) and they are not strengthened by sporopollenin (Atkinson et al. 1972) . Consequently, their chances to withstand post mortem degradation are exceed− ingly small. Taphonomic processes were probably critical factor controlling the fossilization potential of the spore−like bodies in acritarchs. It is known that such early post mortem biodegradation processes, as autolysis, hydrolysis, dehydra− tion and bacteriolysis, are, after burial, followed by early− and late diagenetic processes, during which the cell remnants may undergo further physical and chemical changes leading to their mechanical destruction (reworking, compaction, tectonization), kerogenization, thermal transformation, and, often, permineralization. In Fig. 6 three examples of possible effects of such taphonomic processes on the final appearance of the fossilized spore−like bodies occurring in early Silurian acritarchs are shown. The spore−like structures can be pre− served as spheroids of kerogen−like substance (Fig. 6A) , as empty carbonaceous vesicles resembling morphologically the mother vesicle (in this case an acanthomorph acritarchsee Fig. 6A , at the top), or as mineral (siliceous) spheroids delineated more or less distinctly by very fine mineral gran− ules precipitated early diagenetically on the subsequently de− graded organic walls of spores−like structures inside a herko− morph acritarch (Fig. 6B) . Raman spectra and mappings of some of the spore−like bodies show remains of carbonaceous matter around them (Fig. 6D-G) . Although Raman data, if taken alone, cannot prove the biogenic nature of the carbona− ceous matter (for discussion see e.g., Schopf et al. 2007) , to− gether, however, with the morphology, size, and mode of dis− tribution of the spheroids, they are supportive for our inter− pretation of these structures as possible spores.
The chemical maceration methods, often with application of centrifugation and ultrasonic cleaning of the extracted specimens, used routinely for extracting acritarchs from the mineral matrix, are an additional factor contributing to the destruction of the ultrathin−walled spores. The thin−section method was therefore most useful for finding remnants of such spores. Also slight etching of polished rock surfaces, as described by Munnecke and Servais (1996) , has been proved highly promising in that regard. We recommend both these methods in the search for similar structures in other acritarch taxa.
Acritarchs became the dominant marine (phyto)plankton group in late Precambrian and Paleozoic (Knoll 1989; Molyneux et al. 1996; Willman et al. 2006 ), but lost their im− portance as primary producers during Mesozoic and Ceno− zoic over dominated by dinoflagellates, coccolithophorids and diatoms ) which thrive also in present−day seas (Sieburth 1979) . The processes responsible for this great algal exchange remain unclear, although sev− eral plausible mechanisms have been proposed Katz et al. 2004; Riegel 2008) . Many strains of ex− tant unicellular and coenobial green algae display tendency towards mixotrophy, i.e., ability to assimilate and metabolize dissolved organic material (e.g., Droop 1974; Kirk 1998) . Therefore, their abundance in many Proterozoic and Paleo− zoic marine sediments, compared with their scarcity in mod− ern seas (e.g., Sieburth 1979; Raymont 1980) , may suggest higher levels of dissolved organic carbon and other nutrients (eutrophy) in early Paleozoic marine environments (e.g., Riegel 2008) . For instance, the co−occurrence of acritarch blooms in epicontinental Late Devonian seas with blooms of potentially mixotrophic coenobial volvocaceans (Kaźmier− czak 1975; Kaźmierczak and Kremer 2005) absent in mod− ern seas (Sieburth 1979 ) may offer support for such an idea.
Organic−walled microfossils ascribed to acritarchs are among the oldest morphological traces of eukaryotic life (Schopf 1968 (Schopf , 1992 Zhang 1986; Yan 1991; Yin 1998; Javaux et al. 2004; Knoll et al. 2006; Teyssèdre 2006) . The elucidation of biological affiliation of some typical Paleo− zoic acritarchs as chlorococcalean algae, as shown by our findings, may therefore shed new light on the evolution of early eukaryotes among which unicellular green algae or their ancestors, are assumed to occupy a key position (Baldauf 2003; Hedges et al. 2004; Teyssèdre 2006) . It has been suggested that during the Neoproterozoic and Paleo− zoic acritarch forms, including those shown in our paper, were the main primary producers in the seas (e.g., Knoll 1989; Molyneux et al. 1996) . Therefore, their abundance in ancient seas (e.g., Colbath 1980; Dorning 1981; Vidal and Knoll 1983; Martin 1993; Strother 1996; Servais et al. 2004; Kremer 2005 ) might have not only influenced the evolution of the early marine ecosystem, but also the plane− tary biogeochemical cycles. Identifying some of them as vegetative cells of green microalgae, may, therefore, throw a new light on the understanding of basic processes ruling the evolution of Earth's biosphere. In that regard it is inter− esting to note that current studies on the C 28 /C 29 sterane ra− tios in the geologic record (Kodner et al. 2008 ) indicate far much higher than today significance of green algae in the Late Proterozoic and Paleozoic seas.
Conclusions
In our opinion, the internal bodies found in some early Paleo− zoic acritarchs suggest their affinity with modern asexually reproducing (sporulating) unicellular green algae (Chloro− coccales) and support previous proposals linking these micro− fossils with unicellular green algae (Eisenack 1968; Lindgren 1981; Arouri et al. 1999; Talyzina and Moczydłowska 2000; Willman 2009; Willman and Moczydłowska 2007; Javaux et al. 2004) . Consequently, these microfossils seem to represent not, as is commonly assumed, cysts of dinoflagellates or prasinophyta phycomas but vegetative green algal cells. The recognition of asexual mode of reproduction in representa− tives of main acritarch divisions opens, in our opinion, a new vista in biological studies of these microfossils. It seems, con− sidering the great morphological variability observed in natu− ral populations of green microalgae (e.g., Komárek and Fott 1983) , that the extremely species−rich acritarch (para)taxon− omy, based mostly on external morphological features such as shape, size and surface sculpture (ridges, processes, spines, warts, granules, flanges, etc.) can in the future be greatly sim− plified. The abundance and diversity of "acritarch" green microalgae in early Paleozoic seas, compared with the scarcity of unicellular chlorophytes in modern marine environments, is puzzling and supports claims explaining great secular change in marine phytoplankton composition as result of changing biogeochemical components of the environment (e.g., Riegel 2008) . Summing up, we are aware that our findings offer only partial solution to the question of systematic affiliation of the enormously morphologically and, consequently, (para)taxo− nomically diversified group of organic−walled microfossils used to be named "acritarchs". We do hope, however, that the data presented in our paper may stimulate attempts to find sim− ilar internal structures in other representatives of these com− mon ancient microorganisms.
